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Abstract[] Circulation of water and nutrients in the midgut of Zonocerus variegatus was studied to determine the flux 


pattern and its possible implication in the adaptation of the insect to hydrogen cyanide. Histological sections of midgut 


cells were observed. Gradients of K* [] Na* and protein along midgut were determined. The permeability of midgut 
p 8 gu 


segments to K* [] Na* O Cat 0 Mg + and methyl blue was observed. The midguf] ventriculus and gastric caeca[] was 
histologically similar{] and made of columnar cells with striated borders. The nutrients varied in concentration in the 
different midgut segments. The substances tested for permeability passed through the midgut segments. It was 
concluded that the entire midgut was involved in food and water absorption. There was no counter flow of fluids from 


the posterior midgut as in most orthopterans. One-way movement of the gut contents prevents accumulation of toxic 
substances to injurious levels{] enabling the insect to favourably tolerate hydrogen cyanide in cassava leaves. 
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1 INTRODUCTION 


The circulation and uptake of water and nutrients 
along insect midgut has been severally studied. 
Trehernd] 1958a[] 1958b[] 1958c[] using Schistocerca 
gregaria and Locusta migratoria reported that it is the 
anterior gastric caeca which is the main site for food 
uptake. Berridge] 1970[] confirmed this assertion and 
added that absorption by the caeca is aided by a flow of 
fluid from the posterior midgut which washes the 
nutrients upstream into the anterior caeca. Dow 

O 1981b[] suggested that this fluid was Malpighian tubule 
discharge which some part flows anteriorly. Ferreira et 
al [] 1981{] further confirmed this counter-current idea 
by identifying the posterior ventriculus of Rhyncoscaria 
americana as being histologically differentiated for fluid 
secretion. Reports so far have classified insects into 
three putative ancestral groups[] Panorpoid[] Neoptera 
and Holometabola ancestors [O|] Terral] 1990[]. Other 
specialized insects are believed to have evolved from 
these. Available reports of the circulation of materials 
in orthopterous insects f guts concern S. gregaria 

[] Treherne[] 1958al[] 1958b[] 1958c] Dow[] 1981a[] and 
L. migratoria|] Baines] 19790] Dow[] 1981b0. This 
then gives the impetus to find out how materials 
circulate along other orthopterous gutsLle. g. Zonocerus 
variegatus. This insect is a polyphagous pest feeding 
mostly on cassava leaves and there has been no 
satisfactory explanation of its adaptation to hydrogen 
cyanidd] HCN[[ apart from the reports of Bellotti et 
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al [| 1999[]. It is therefore expected that this study will 
help to explain further the adaptation of Z. variegatus 
to HCN. The study is therefore designed to include 
histological studies of the midgut cells[] nutrient 
gradients along the midgut and permeability of the 
midgut epithelium to stains and cations. 


2 MATERIALS AND METHODS 


2.1 Histology 

Fifty adult male and female Z. 
dissected and guts were removed and fixed immediately 
in Bouin fluid] Pantin] 1964{] for 24 h. The midgut 


was processed for microscopic examination according to 


variegatus were 


standard histological procedures. All sections were 
observed under light microscope at 10 x and 40 x 
magnifications . 
2.2 Material gradient 
Nutrients and solute gradient studies in K*[] 
Na* [] and protein{] nitrogen[] in crop ventriculus[] 
gastric caeca and hindgut were carried out. Dissected 
out[] not excised[] guts were ligatured into separate 
midgut regions and gut fluids extracted from each region 
with microsyringe. Extracts from each region were 
separately analysed photometrically using Flame 
Photometer. Protein concentration was determined using 
micro Kjeldjahl method] AOACL] 19960. 
2.3  Midgut permeability to methyl blue stain 
Dissected out] not excised[] gut of Z. variegatus 
adults were ligatured at separate points into distinct 
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regiond] anterior[] and posterior midgut[] anterior and 
posterior gastric caeca[]. They were immersed into a 
known concentration of methyl blue stain for 30 min. At 
the end[] the insects were removed and properly rinsed 
and dried with filter paper to remove excess methyl blue 
from the surface. Lumen content of each section was 
drawn with microsyringe. A known volume of each 
extract was diluted with equal volume of distilled water. 
Concentration of methyl blue in the extract was 
determined photometrically . 
2.4 Midgut permeability to K* [] Na* [] Mg”* and 
Cat 

Guts of fed insects were dissected out and each 
region was separately ligatured and placed in a small 
bottld] 100 ccl] containing 3 mL of deionized water and 
allowed to remain for 1.5 h before the gut region was 
removed. Care was taken such that no part of the gut 
was cut or punctured. The deionized water specimens 
were photometrically analysed at IITA in Ibadan using 
Atomic Absorption Spectrophotometer[] Unicam 919[] for 
each of the ions. 

Crop segment of the gut was used as control for the 
permeability studies. 


3 RESULTS 


3.1 Micromorphology 

The epithelium of the midgut showed a single layer 
of columnar cells over a muscle layer. The cells had 
striated luminal surfaces. Their nuclei varied in shapes 
sizes[] position and staining. Based on these variations|] 
the epithelial cells were categorised as regenerativel] 
young] resting[] extruding and erupting] Akpan and 
Okorie[] 2005[]. A section of the midgut too showed the 
peritrophic membrand] Plate | [] 11] extending from the 
cardia through the ventriculus into the hindgut. 
3.2 Material gradient 

Potassium and sodium concentrations varied 
inversely along the insect gut. Potassium increased in 
concentration from the posterior gastric caeca and was 
greater in the posterior midgut[] the least concentration 
was observed in the anterior caech] Fig. 1[]. Sodium 
content was greatest in the posterior caeca and least in 
the hindgui] Fig. 1]. Protein was present in all regions 
of the insect gut. The highest quantity was found in the 
anterior midgut and the least quantity in the crop. Its 
concentration in other gut regions varied between 1.3 
and 1.8 ye/IL] Fig. 20. 
3.3 Permeability of midgut to methylene blue 

Methylene blue was absorbed by the midgut 
epithelium from the medium into the gut lumer] Table 
10. Posterior midgut[] anterior caeca and posterior 
caeca absorbed far more than the anterior midgut 30 min 
after specimens were immersed in the methylene blue. 
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Fig. 1 The distribution of K* and Na* in Z. variegatus gut 


with gut regions where samples were taken superimposed 


Cr{] Crop) Ac[ Anterior caeca[] Pel Posterior caeca] Amf[] Anterior 
midgut[] Pm[] Posterior midgut{] Hef] Hindgut. The same below. 


Protein concentration (ug/L) 


se Yee, 
30 F Sa 
20 F 
10 + 








i ZA 
Cr Ac Pe Am 


Fig. 2 The distribution of protein molecules along 
Z. variegatus gut with gut regions where samples 
were taken superimposed 
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Table 1 


Absorption of methylene blue by the midgut 


Amount of methylene blue absorbed] ug/LO 





Time exposed] min 
j Anterior midgut 


Posterior midgut 


Anterior caeca Posterior caeca 





30 
60 


10.00 + 7.07 
415.00 + 41.23 


3.4 Permeability of midgut to cations 
The four cations tested permeated the various 
segments of the midgut into the deionised wate] Table 


250.00 + 30.33 
532.00 + 32.23 


321.00 + 9.18 
472.00 + 37.23 


175.00 + 17.21 
219.00 + 17.42 


2[]. Anterior midgut and anterior gastric caeca were 
more permeable than other midgut segments. 


Table 2 Permeability of midgut to cations 


Cations and the amount] ppm] passed into deionised water 





Gut region 





K* Na* Me?* Ca? + 
Anterior midgut 84.05 + 5.98 6.68 + 0.98 101.43 + 1.64 49.99 + 4.26 
Posterior midgut 65.41 + 3.54 6.38 + 0.69 12.96 + 1.08 10.42 + 1.54 
Anterior caeca 104.82 + 9.66 14.27 + 1.30 61.12 + 21.29 38.22 + 4.68 
Posterior caeca 37.04 + 5.45 8.89 + 0.74 17.77 + 1.38 10.52 + 1.44 


4 DISCUSSION 


The midgut] ventriculus and gastric caecal] of Z. 
variegatus has a uniform epithelium with a layer of 
columnar cells with striated border[] on a basement over 
a muscle layer[] as in most insects Khan[] 19640 
Gouranton[] 1968[] Smith et al.[] 1969[]. The 
epithelium of the anterior caeca has folds with crypts 
between the folds. The posterior caeca has numerous 
unlocalised crypts Akpan and Okorie[] 20050. The 
folds and crypts are suggested to be devices for 
increasing the surface area of the caeca for their 
functions. The presence of brush border has been 
identified as a common characteristic of digestive and 
absorptive cells. This is because most digestion and 
subsequent absorption take place at the brush border of 
the cells] Smith et al .[] 1969[]. Since there were no 
distinct morphological differences among the midgut 
cellq] apart from the differences relating to their ages OO 
the cells were concluded to be involved in digestion and 
absorption of food. Similar observations in Locusta were 
made by Baineq] 1979[] who concluded that there were 
no macroscopic differences observed between absorbing 
and non absorbing midgut cells. Insects with functional 
differentiation have cells that differ morphologically to 
suit their function[] Gillot{] 1980[] Ferreira et al .[] 
1981[] Volkmann and Peters[] 1989[]. 

The peritrophic membrane[] PM[] as shown on 
Plate J 1[] is common in Z. variegatus as it is among 
other solid feeders. It extends from the oesophageal 
invagination across the caecal opening into the 
ventriculus without entering the caeca. Functions of this 
membrane had been discussed by Wigglesworth 

O 1967 [l] Terra et al. [] 1979[[] Bernays and 
Chamberlair[] 1980L[] Terral] 1990[[] Barbehenn and 
Martin[] 1992[[] Felton and Summers[] 1995[] and 
Lehand] 1997[]. Its function relevant to this study is its 


serving as a visceral filter] filtering food monomers and 
dimers into the ectoperitrophic space[] and enhancing 
uptake of the digested particles by the epithelial cells 
into the haemolymph. The role of the tubule fluid in 
filtering the food monomers upstream for absorption 
becomes less significant. The presence of the PM 
provides a steady medium into which digested food 
diffuse and are brought closer to the cell surfaces. The 
movement of materials from the endospace into the 
ectospace of the membrane is supposed to be assisted by 
the unstirred layer around the membrane [] Lehane[] 
1976] which allows movement of materials mostly in 
one direction. 

Although the functions of this membrane had been 
discussed[] it could be useful in faeces formation by 
arranging the undigested mass into a cylindrical shape 
that can be separated at the ventricular hindgut 
junction. In some orthopterans[] e. g. Schistocerca 

O Goodhue[] 1963[[] faeces formation is done by the 
S-shaped colon[] which is absents in Z. variegatus . 

The accumulation of materials along the insect 
midgut is shown to be contradictory to other ideas 
considered common to orthopterous insects. It shows 
that there is no counter-current in Z. variegatus 
midgut. High concentrations of potassium[] the prime 
water mover[] at posterior midgut than anterior midgut 
can not draw water into anterior midgut and caeca to 
cause counter flow. For counter-current to occur] the 
system should produce a standing gradient of solutes 
preferably at a higher concentration in the anterior 
midgut than the posterior midgu{] Dow[] 1981b{]. 

The permeability studies of the ventricular and 
caecal epithelia show that materials such as water[] ions 
and food monomers can cross the epithelia into the 
haemolymph and vice versa{] Dow[] 19860. It is 
considered that food and water are absorbed by the cells 
into the haemolymph and water is withdrawn 
continuously again from the haemolymph into the gut 
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lumen for food digestion and uptake. Hence water 
pathway is formed transversely between the gut and 
haemolymph through the epithelium. The food absorbed 
is converted immediately according to Terrunnd] 19840 
into trehalose and stored in fat bodies thus creating a 
gradient for continuous food uptake. Counter-current 
system cannot be confidently inferred in this study for 
Z. variegatus. Results of permeability studies in this 
case have vividly shown the pattern that food[] water and 
other materials circulate between the lumen and 
haemolymph across the epithelium. 

In R. americana[] the counter flow idea is clearly 
explained by Ferreira et al. 1981[]. Here there is a 
clear-cut histological and physiological distinction of the 
midgut into compartments. But such organization is not 
observed in Z. variegatus midgut. The homogeneity of 


the midgut microstructure shows that the same cells are 
involved in the secretion of digestive enzymes and 
absorption of food] Akpan and Okorie[] 2003[] 20050. 
The pattern of circulation of materials[] material 
pathway[] in Z. variegatus midgut differs remarkably 
from the three fundamental ancestral patterns[] Terral] 
1990[]. In these three groups[] the direction of 
circulation is presumed to be anterior-posterior. In Z. 
variegatus[] circulation of water and nutrients is 
proposed to be trans-membrane trans-epithelid] crossing 
the peritrophic membrane and epithelium between the 
lumen and haemolympl] Fig. 3[]. This trans-membrane 
trans-epithelia pathway could be referred to as the 


Zonoceroid model. This presumably has some 
advantages over the putative ancestral patterns 
discussed . 



































Fig. 3 Diagrammatic representation of watef] dotted arrows{] and nutrient{] solid arrows{] circulation 
in Z. variegatus midgut. The open arrows indicate direction of food movement. 


First[] this model prevents silting of the anterior 
regions and accumulation of plant toxins. Secondly[] it 
reduces interference with the downstream movement of 
the gut content which should retard digestion and 
feeding whereas the insect is known to feed voraciously 

[O Peacock 19130. According to Fried et al.) 19860 
counter-current flow prolongs digestive periods in 
insects which present a great disadvantage to this 
insect. Thirdly[] the suggested pattern pushes 
accumulated materials on the cell border into the lumen 
as the cells secrete the fluid] Plate 1 [] 20. There is a 
lifting of a layer of materials from the epithelial surface 
into the lumen. This could be what Dow[] 1981b]] 
referred to as the“ garbage disposal”[] and caecal 
emptying serves as means of unsilting the blind end sacs 

[O caecal]. Clogging of the brush border can interfere 
with the surface activities of the cells. Finally{] cycling 
of water and nutrients flow between the gut lumen and 
haemolymph would follow a straight route across the 
entire midgut epithelium. This makes digestion and 
absorption proceed quickly[] hence high consumption. 

The most important advantage of this flux model is 
that it offers the insect an opportunity for polyphagous 
life. Polyphagy exposes the insect to different 


allelochemicals which vary in number according to the 
number of plant species the insect feeds on. Some of 
these substances have immediate poisoning  effects[] 
e.g. hydrogen cyanide[] HCN[]. Generalist feeders 
such as Z. variegatus have preference for low HCN 
[O Bellotti et al.[ 1999[[] which means the low the 
concentration[] the less potential its harm to the insect. 
It could then be presumed that as the food[] gut 
content[] is passing downstream[] without counter- 
current{] there will be no upstream wash. As such[] 
there will be no accumulation of the poisoning 
substances anteriorly to concentrations that can become 
injurious to the insect. Therefore these substances pass 
through the gut in small titres that could be tolerated by 
the insect. It therefore becomes an adaptation to the 
insect enabling it to feed on cassava leaves. Cassava 
plants with low cyanide contents are more vulnerable to 
the insect attacks than the varieties with high cyanide 
content. Logically cassava plants with high cyanide 
contents will not be preferable to the insect because it 
lacks a detoxifying mechanism. 
Studies have been carried out by Modder 
O unpublished [J] Oladapo | 1979[] and others to 


determine the mechanism the insect uses to overcome 
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these toxic substances. Chapman et al. [] 1986 [0 
reported that the adaptation of this insect to HCN is 
uncertain. It is generally known that the insect tolerates 
low titres of HCN and prefers cassava leaves[] especially 
senescent leaves[] of low HCN[] Chapman et al. 
1986[] Bellotti et al.[] 1999[]. But how the HCN 
concentration is reduced to the insect’ s tolerance has 
never been explained. In application[] the production of 
high HCN cassava hybrids which will become 
unpalatable may conveniently reduce the feeding 
intensity and subsequent pest impact reducing the need 
for pest control. 
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Microstructure of the midgut of Zonocerus variegatus 
1. Longitudinal section of the ventriculus showing the peritrophic membrane (letter A); 


2. Longitudinal section of the posterior gastric caeca showing the peritrophic membrane (letter B) lifted from the surface of the epithelium. 


